Two kinds of Fe-16%Cr-30%Mo-(C,B,P) alloy powders having high ability to form an amorphous phase were thermal sprayed onto mild steel substrate using HVOF and APS processes. Perfectly amorphous coating was formed not only by the HVOF process but also by the APS process. The passive current densities of the amorphous coatings sprayed by the HVOF and APS processes were close each other and significantly low compared with that of SUS316L coating in 1 molÁL À1 HCl solution. The coatings of perfectly amorphous phase were little corroded after immersion tests in 1 molÁL À1 HCl solution for one week, though the coatings composed of the mixture of amorphous and crystalline phases corroded markedly.
Introduction
The authors have investigated the structure and properties of sprayed coatings of high carbon iron alloys containing chromium and/or molybdenum. [1] [2] [3] It is reported that coatings of an perfectly amorphous phase were formed in many iron-based alloys by using a low pressure plasma spraying (LPPS) process and the amorphous coating of Fe-10%Cr-2%C-8%P (mass%) alloy showed very good corrosion resistance in acid solutions.
3) The amorphous coating formed in Fe-10%Cr-10%Mo-2%C-8%P alloy by using a high velocity flame spraying (HVOF) process showed more excellent corrosion resistance compared with the Fe10%Cr-2%C-8%P coating sprayed by the LPPS process. 4, 5) The atmospheric plasma spraying (APS) process has advantage on practicality from points of the productivity and cost compared with the LPPS and HVOF processes. However, perfectly amorphous phase could not be formed by the APS process and the corrosion resistance of the mixed coating of amorphous and crystalline phases was not so good as the perfectly amorphous coatings. Fe-16%Cr-30%Mo-(C,B,P) alloys are known to have very high ability to form an amorphous phase and the amorphous phase has a high corrosion resistance.
6) It is expected that coatings of a perfectly amorphous phase may be formed even by the APS process when using the alloys of high amorphous forming ability. In the present work, two kinds of Fe-16%Cr-30%Mo-(C,B,P) powders were thermal sprayed onto mild steel in atmosphere by the HVOF and APS processes and the structure and corrosion resistance of the coatings were investigated.
Experimental Procedure
The chemical composition of the alloy powders used in the present work is shown in Table 1 . The alloys A and B are of the composition which has high ability to form an amorphous phase and the phase has high corrosion resistance against acid solutions.
6) The alloy powder of 10Cr-10Mo is used for comparison. 4, 5) The powders were made from electrolytic iron, graphite, and ferro-alloys by a gas atomization method. A small amount of silicon was added to prevent oxidation through atomization. Alloy powders of 45 to 10 mm in diameter were used for the HVOF process and alloy powders of two size ranges of 45 to 10 mm and 75 to 45 mm in diameter were used for the APS process. The coatings were prepared by the HVOF (TAFA JP-5000) and APS (TPA TPS-1400G) processes under the conditions shown in Table 2 and the coating thickness was 300 to 500 mm. Structure of the coatings was observed by an optical microscope and the phases in the coatings were examined by X-ray diffraction (XRD) analysis. Corrosion resistance of the coatings was evaluated by measuring anodic polarization curves in deaerated HCl solution and immersion tests in HCl solution. A platinum counter electrode and a saturated calomel reference electrode (SCE) were used for measuring anodic polarization curves. The electrochemical measurement was carried out by a scanning rate of 1 mV/s at a temperature of 303 K. The coatings were polished with alumina powder of 0.05 mm and then masked with an acid resistant lacquer to form an exposure area of 10 À4 m 2 for the electrochemical measurements. Immersion tests were also carried out to investigate the corrosion resistance of the coatings in HCl solution. The coatings were immersed in the HCl solution for one week at room temperature to measure the corrosion weight loss. Specimens for the immersion test were cut off to the size of 10 mm Â 10 mm from the coatings and polished with alumina powder of 0.05 mm on the surface of the coatings removed from the substrate. After the immersion tests, the specimens were washed in distilled water, dried, and subjected to weight loss measurement. Figure 1 shows the optical micrographs of the as-sprayed coatings of alloy B by the HVOF and APS processes. It is seen that oxide films on the interface of sprayed particles and pores are less in the coating sprayed by the HVOF process compared with the coating by the APS process. Figure 2 shows XRD patterns of the coatings sprayed by the HVOF process using the powder of 45 to 10 mm in diameter. Only a broad peak, i.e., a halo pattern, appears in the diffraction pattern of the coatings for all alloys. Figure 3 shows XRD patterns of the coatings sprayed by the APS process using the powder of 45 to 10 mm in diameter. XRD patterns of the APS coatings of alloys A and B show the halo pattern. Whereas, peaks of crystalline phases appear in the XRD pattern of the APS coating of 10Cr-10Mo alloy. XRD patterns of the coatings sprayed by the APS process using the powder of 75 to 45 mm in diameter showed the same patterns as the coatings sprayed using the smaller size of powders. It is found that an amorphous phase was formed in the coating of alloys A and B even by the APS process, though crystalline phases co-existed in the coating of 10Cr-10Mo alloy. Figure 4 shows the anodic polarization curves of the coatings sprayed by the HVOF process. The curve of an austenitic stainless steel coating (SUS316L) sprayed by the APS process is shown for comparison. The current densities of the three kinds of coatings sprayed by HVOF process are almost the same and significantly lower than that of SUS316L coating. It is expected from the figure that the corrosion resistance of the amorphous coatings sprayed by the HVOF process is excellent and much superior to that of SUS316L coating in 1 molÁL À1 HCl solution. Figure 5 shows the anodic polarization curves of the coatings sprayed by the APS process. The current densities of the coatings of alloys A and B sprayed by the APS process are a little higher than those of the coatings sprayed by the HVOF process and lower than that of the coating of alloy 10Cr-10Mo which is composed of a mixture of amorphous and crystalline phases. It is thought that the corrosion resistance of the amorphous coatings of alloys A and B sprayed by the APS process is comparable to the amorphous coatings sprayed by the HVOF process. Figure 6 shows optical micrographs of the HVOF and APS coatings on the cross section after the immersion tests in 1 molÁL À1 HCl solution for 1 week. It is clear that all the coatings sprayed by HVOF process is not corroded at all after the immersion test (Figs. 6(a), (c), (e) ). The APS coating of alloy 10Cr-10Mo, however, is corroded considerably after the immersion in HCl solution (Fig. 6(b) ). The interfaces between sprayed particles are slightly corroded in the APS coatings of alloys A and B (Figs. 6(d), (f) ). The result of the immersion test in the HCl solution reflects well the result of the anodic polarization curves. Figure 7 shows the corrosion weight loss of the coatings measured after the immersion tests in 1 molÁL À1 HCl solution for 1 week at room temperature. The results of an austenitic stainless steel plate (316L) and an Inconel alloy 625 plate (625) are shown for comparison. The weight loss of the Inconel alloy 625 plate was not recognized after the immersion test. The weight loss of all the HVOF coatings is fairly low, and 1 order less than that of 316L plate. The weight loss of the APS coating of alloy 10Cr-10Mo is very large and larger than that of 316L plate as expected from the results shown in Fig. 6 . The weight loss of the APS coatings of alloys A and B is lower than that of the HVOF coatings of the same alloys. This may be caused by the weight gain due to the internal corrosion on the interface of particles as shown in Fig. 6 . Because, the corrosion products formed by the internal corrosion is retained in the APS coatings and the internal corrosion is not seen in the HVOF coatings. It is found that a perfectly amorphous coating is obtained not only by the HVOF process but by the APS process using Fe16%Cr-30%Mo-(C,B,P) alloys and the corrosion resistance of the amorphous coatings is excellent in the HCl solution.
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Conclusions
Two kinds of Fe-16%Cr-30%Mo-(C,B,P) alloy powders were thermal sprayed by use of high velocity flame spraying and atmospheric plasma spraying and the corrosion resistance of the coatings were investigated. The results obtained are summarized as follows:
(1) Perfectly amorphous coatings are obtained using the iron-based alloys by the HVOF and APS processes. 
